Rationale: Adaptive multiple features method (AMFM) lung texture analysis software recognizes high-resolution computed tomography (HRCT) patterns.
Idiopathic pulmonary fibrosis (IPF) is a fibrosing interstitial lung disease (ILD) with poor prognosis. High-resolution computed tomography (HRCT) is integral in diagnosis and management of patients with IPF, and may be more sensitive to changes in disease status than clinical or physiologic parameters (1) . Radiologists' visual interpretation of disease extent and change over time is hindered by variability, particularly in nonexpert observers (2) (3) (4) . Thus, there is value in development of automated software that can reliably and objectively characterize type and extent of disease present on HRCT. Validation of software measures relies on comparison with a gold standard, as well as physiologic measures and clinical events. Previous studies have documented a wide range of agreement between software and visual measures (5-7). Histogram-based software measures of interstitial fibrosis correlate with pulmonary function measures in patients with IPF, but assessment for association of visual and software measures with outcomes such as mortality show mixed results in retrospective studies (6, 8, 9) .
The adaptive multiple features method (AMFM) is an automated HRCT analysis program available through the University of Iowa's Department of Radiology (Iowa City, IA) Pulmonary Analysis Software Suite. Development for use on twoand three-dimensional images (using multidetector row CT highly spatially resolved volumetric images during a single breath hold) has previously been described (10) (11) (12) (13) . The three-dimensional AMFM method uses the best combination of 5-6 of 26 different mathematical features describing regional density patterns, along with a Bayesian classifier, and can be trained to recognize and quantify the volume occupied by a variety of radiologic patterns. This software has not been assessed with regard to agreement with visual analysis or association with pulmonary function and clinical outcomes in patients with IPF.
In this study, we used prospectively collected HRCT and clinical data from patients enrolled in the National Institutes of Health-sponsored IPFnet clinical therapeutic PANTHER-IPF (Prednisone, Azathioprine, and N-Acetylcysteine: a Study that Evaluates Response in IPF) trial (14, 15) . We tested the relationship between semiquantitative visual scores and quantitative, automated AMFM scores, and determined how visual and AMFM scores at baseline and completion of the study relate to changes in pulmonary physiology and clinical outcomes, including pulmonary function decline, hospitalizations, and mortality. Some of the results of this study have been previously reported in the form of an abstract (16) .
Methods
Subjects enrolling in the PANTHER-IPF trial were approached for participation in this ancillary study, and a separate written informed consent was obtained. The University of Michigan (Ann Arbor, MI) Institutional Review Board approved the protocol (HUM 24386). Any subject enrolling in the PANTHER-IPF study (14, 15) was eligible to participate, provided willingness to submit to an HRCT performed at study enrollment and again at completion of the study, and allow investigators access to PANTHER-IPF study data (patient characteristics, treatments administered, serial pulmonary function measures, and clinical events, including hospitalizations, death, and confirmed declines in FVC . 10%). Pulmonary function testing was done locally at study sites, per American Thoracic Society guidelines, at screening, baseline (Week 0), and visits in Weeks 4, 15, 30, 45 , and 60 as part of the PANTHER-IPF study (17, 18) .
Image Acquisition and Visual Analysis
HRCT images were acquired locally on a variety of CT scanners; baseline scan was required at or within 3 months preceding PANTHER-IPF screening, and the follow-up scan was done at the end of the study period. Thin-slice inspiratory HRCT scans with contiguous images and without contrast were encouraged, but a more specific protocol (i.e., volumetric, edge enhancement, etc.) was not required. Summary characteristics of HRCTs (slice thickness and interval, scanner make and model, etc.) included in this study are available in Table E1 in the online supplement.
Three radiologists (E.J.R.v.B., E.A.K., and D.A.L.) independently interpreted each HRCT scan, blinded to patient characteristics, timing of the scan, and AMFM scores; data were recorded via a Web-based form. Each radiologist provided a semiquantitative extent of honeycombing, ground glass (GG), GG-reticular (GGR), and emphysema as: 0 (0% involvement of the lung with the feature); 1 (1-10% involvement); 2 (11-20%); 3 (21-30%); 4 (31-40%); 5 (41-50%); 6 (51-60%); 7 (61-70%); 8 (71-80%); 9 (81-90%); and 10 (91-100%) (19) . The remainder was noted as normal. The midpoint of each category was arbitrarily used to convert the semiquantitative (0-10) to quantitative (0-100%) scores. For each HRCT, the percent involvement of each category for the right and left lungs was averaged to obtain a total lung score, and the three radiologists' total lung scores were averaged to obtain total volume occupied by each feature (the gold standard in this study). Scan quality was documented (excellent, good, poor, or uninterpretable); poor or uninterpretable scans and those with large gaps or missing images were excluded from analysis.
AMFM Software Analysis
The AMFM software training used HRCTs from patients with ILD enrolled in the Lung Tissue Research Consortium (www.ltrcpublic.com) and STEP-IPF (20) . Three expert radiologists independently assigned labels of honeycombing, GG, GGR, bronchovascular, emphysema, and normal to unlabeled volumes of interest (VOIs; see Figure 1 for GGR example and Figure E1 for examples of GG, normal, and honeycombing). AMFM software was trained using VOIs with complete independent agreement, as these were felt to represent the clearest examples of each pattern (rather than adjudicate patterns by consensus). Training and testing accuracy on a separate dataset of VOIs for software labeling of VOIs was 0.89 or greater (full train full test, half train half test, 10-fold cross-validation, leave-one-out cross-validation).
Trained AMFM software was then applied to each PANTHER-IPF CT having a compatible imaging protocol (in particular, contiguous image slices). Software output is a quantitative measure of the proportion of lung volume occupied by each feature based on the number of VOIs assigned to each feature category. Right and left lung feature scores were averaged to obtain a percent total lung involvement. Muscle kernel (MK) series AMFM data were used for all analyses; bone kernel series data were also evaluated and, due to excellent agreement in scores with MK (see Table E2 ), MK was used.
Statistical Analysis
Analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC) and R version 3.2.1 (The R Foundation, Vienna, Austria). Baseline patient characteristics are shown as number and percent for categorical variables, with continuous variables shown as mean (SD). Kaplan-Meier estimators of failure probability by 60 weeks are shown for important clinical events (death, hospitalization, physiologic decline defined as .10% FVC drop, and a composite of these events). Agreement between the three radiologists regarding extent of interstitial features is given via generalized weighted k (sometimes called the S statistic), with k less than 0.40 noted as poor, k from 0.40 to 0.60 as intermediate, k greater than 0.60 to 0.75 as good, and k greater than 0.75 as excellent (21) . Relationship between visual and AMFM scores is provided by Pearson's correlation coefficients (r values) and Bland-Altman plots with mean difference (visual minus AMFM score for each subject, averaged for all subjects) and 95% limits of agreement (22) . Pearson's correlation is interpreted as follows: 0 , jrj , 0.3 is weak, 0.3 , jrj , 0.7 moderate, and jrj > 0.7 strong. Cox proportional hazards assess association between baseline visual and AMFM total-lung HRCT feature scores, clinical variables, and the disease progression composite outcome, as well as these outcomes individually. Existing literature suggests that age, sex, FVC % predicted, diffusing capacity of the lung for carbon monoxide (DL CO ) % predicted, the gender-age-physiology (GAP) stage (a score simultaneously accounting for patient age, sex, FVC, and DL CO , with higher GAP stage associated with increased risk of death), and smoking history may be important clinical predictors of outcome and were thus screened for inclusion in a multivariable prediction model (23, 24) . The index of concordance (C statistic) was used to compare model discrimination between various models. Kaplan-Meier plots show event-free survival for subjects with visual and AMFM-measured GGR less than 10% and 10% or greater. For all subjects having a baseline and final scan, postbaseline change (final scan minus baseline scan) was calculated for each feature, with paired t test comparing differences between visual and AMFM measures of change. Pearson's correlation coefficient describes the relationship between postbaseline trajectory in HRCT scores and postbaseline FVC trajectory (calculated using linear regression slopes for each patient, incorporating all FVC data available to the point of the final HRCT scan).
Results
Baseline patient characteristics and clinical outcomes for all included subjects and subgroups of interest are shown in Table 1 . Overall, the mean age was 67.0 (8.4) years, with 76.9% (n = 153) male sex, and 26.8% (n = 53) never smokers. In subjects having baseline HRCT scored by both visual and AMFM methods, the composite endpoint of greater than 10% decline in FVC, hospitalization, or death occurred in 49 subjects (60-wk Kaplan-Meier event rate, 34.7%; see Table 1 , column 2). Figure E2 displays a flow diagram outlining the numbers of patients and HRCTs entering the study, and the numbers used in each analysis.
Agreement among radiologists about extent of the HRCT features is shown in Table E3 , and ranged from a k value of 0.70 (good agreement) for GGR to a k value of 0.88 (excellent agreement) for emphysema (all P , 0.0001). Correlation, Bland-Altman mean difference, and 95% limits of agreement for visual and AMFM scores are shown in Table 2 . The mean difference between scoring methods for GGR was 20.03 (95% limits = 20.19 to 0.14), indicating that AMFM measured 3% more (absolute difference) total lung with GGR abnormality on average compared with visual. We observed a tendency for AMFM to measure substantially more GG abnormality (mean difference = 20.19; 95% limits = 20.41 to 0.03) and less normal lung (mean difference = 0.26; 95% limits = 20.09 to 0.60) compared with visual scoring. Supplemental Figure E3 shows Bland-Altman plots for agreement 
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between AMFM and visual scores for each HRCT feature. Correlation was moderate for GGR and normal lung (r = 0.60, 95% confidence interval [CI] = 0.52-0.67, P , 0.0001; and r = 0.30, 95% CI = 0.19-0.40, P , 0.0001, respectively), and weak for the other features.
HRCT Scores and Outcomes
As displayed in Table 3 To determine if visual and AMFMmeasured GGR were independently associated with disease progression after adjustment for relevant covariates, multivariable models were assessed. Model C statistics were used to compare discrimination across models in subjects having data available on all variables (n = 156). As shown in Table 4 , models with the best discrimination include GGR (visual and AMFM models shown side by side), GAP stage, and smoking status. After adjusting for covariates, GGR by visual and AMFM assessment were independently associated with elevated hazards of the composite endpoint (HR per 10% visual GGR increase = 1.98, 95% CI = 1.20-3.28, P = 0.008; and HR per 10% AMFM GGR increase = 1.36, 95% CI = 1.01-1.84, P = 0.04). Model discrimination for the visual GGR and AMFM GGR models were similar (visual C statistic = 0.722, 95% CI = 0.639-0.804; versus AMFM C statistic = 0.720, 95% CI = 0.637-0.802).
All other models tested are shown in the supplement (Tables E4-E6 ) along with C statistics for comparison to the final model. The final models with visual or AMFM HRCT data had better discriminative ability than similar models without GGR (C statistic without GGR = 0.670, 95% CI = 0.590-0.750). For completeness, models showing individual GAP score components (sex, age, pulmonary function), along with GGR variables, can be found in Tables  E5 and E6.  Tables E7 and E8 separate the disease progression composite into FVC decline or death (29 events), and hospitalization or death (20 events), respectively. With four observed deaths in our cohort, we were unable to model mortality alone. Visual and AMFM GGR were independently associated with FVC decline or death, whereas only visual GGR remained independently and significantly associated with hospitalization or death; this may have been due to fewer events and loss of power to detect statistically significant association of AMFM GGR with this subcomposite. Strength and direction of AMFM GGR for hospitalization prediction remained similar to the main model predicting the disease progression composite.
We also assessed the extent of GGR categorically at a threshold of 10% or greater total lung involvement versus less than 10%. This threshold was selected due to a peak in the C statistic between 10 and 20% of lung involvement with GGR by visual and AMFM assessment, and applicability to the greatest number of subjects at the 10% threshold. In subjects with AMFM and visually measured GGR scores of 10% or greater, the hazards of FVC decline, hospitalization, or death were 3.37 (95% CI = 1.68-6.75, P = 0.0006) and 2.44 (95% CI = 1.35-4.39, P = 0.003), respectively. After adjustment for age, sex, baseline FVC % predicted, and smoking status, a baseline AMFM-measured GGR score of 10% or greater was independently associated with elevated hazard for disease progression (HR = 2.60, 95% CI = 1.24-5.45, P = 0.01). Figure 2 shows Kaplan-Meier event-free survival estimates after stratification by baseline visual or AMFM GGR score 10% or greater total lung involvement versus less than 10%. Subjects with 10% or greater total lung occupied by AMFM GGR had 29.6% lower (absolute) 60-week eventfree survival compared with those having less than 10% (60-wk Kaplan-Meier difference, P , 0.0001), and those with 10% or greater visual GGR had a 22.3% lower event-free survival at 60 weeks Definition of abbreviations: AMFM = adaptive multiple features method; CI = confidence interval; DL CO = diffusing capacity of the lung for carbon monoxide; GAP = gender-age-physiology; HR = hazard ratio; HRCT = high-resolution computed tomography. Analysis includes n = 156 patients with both AMFM and visual scores for baseline HRCT and data on all included variables. Of 159 patients with baseline AMFM-scored HRCT, n = 1 subject was missing smoking status and n = 2 subjects were missing DL CO . Baseline characteristics for this subgroup, including number of events/outcomes, are shown in Table 1 , column titled "Baseline HRCT." Unstandardized HR is for each 10% increase in baseline total lung volume occupied by HRCT features and for each 10% increase in baseline % predicted FVC or DL CO , and for 10-year increase in age. Standardized HR is for each standard deviation increase in the continuous predictors. The categorical variables were not standardized. The GAP stage (24) is a mortality prediction model, incorporating age, sex, FVC, and DL CO , with higher GAP stages experiencing the worst outcomes. The outcome of interest is a composite FVC drop .10%, hospitalization, or mortality event. Definition of abbreviations: AMFM = adaptive multiple features method; CI = confidence interval; HRCT = high-resolution computed tomography. Analysis includes all HRCTs scored visually and by AMFM (n = 292). *Shown is the mean proportion (SD) of total lung having each HRCT feature by visual and AMFM analysis. P value is for the difference between visual and AMFM mean using paired t test. † P value compares correlation with 0 (no correlation).
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Postbaseline HRCT Scores and PFT Change
The baseline HRCT was obtained a median of 24 weeks (range 234.7 to 5) from PANTHER-IPF enrollment, and the final scan was at a median of 60 weeks (range, 35 to 113) from enrollment. There were three outliers in terms of timing of the final scan (i.e., significantly sooner or later than the expected 60-wk mark), and these deviations were due to early termination of the prednisone-azathioprine-NAC arm of the parent study (15) or deviation from protocol resulting in late final HRCT. Median time between baseline and final scans was 63.9 weeks (range, 37.9-113.7). Table E9 shows the postbaseline change in total lung volume occupied by each HRCT feature, as assessed visually and by AMFM, as well as correlation between change in visual and AMFM scores. On average, little change was observed between scans for any HRCT feature. Visual and AMFM postbaseline change assessment for GGR was moderately correlated (r = 0.47, 95% CI = 0.30-0.60, P , 0.0001), but visual and AMFM postbaseline change for the other HRCT features were not significantly correlated (P > 0.06).
We observed AMFM-measured GGR trajectory to be weakly negatively correlated with postbaseline FVC trajectory (r = 20.25, 95% CI = 20.42 to 20.06, P = 0.01), such that increasing GGR was associated with decreasing FVC. Visual GGR trajectory was moderately negatively correlated with FVC trajectory (r = 20.30, 95% CI = 20.46 to 20.11, P = 0.002). As shown in Table 5 , postbaseline change in the other visual and AMFM-measured features were not correlated significantly with postbaseline FVC trajectory. In addition to correlation analyses, corresponding linear regression analyses are presented in Table E10 that relate 10% postbaseline increase in HRCT features to postbaseline change in % predicted FVC. Supplemental Figure E4 shows these relationships visually as scatterplots with overlaid LOESS (locally weighted scatterplot smoothing) lines.
Discussion
The AMFM analysis software is capable of automated and objective quantification of lung volume occupied by a variety of HRCT features. We prospectively demonstrate the utility of AMFM software HRCT analysis in patients with IPF in several Definition of abbreviations: AMFM = adaptive multiple features method; CI = confidence interval; GAP = gender-age-physiology; HR = hazard ratio. Analysis includes n = 156 patients. Of 159 subjects having baseline AMFM-scored high-resolution computed tomography (HRCT), n = 1 subject was missing smoking status and n = 2 missing diffusing capacity of the lung for carbon monoxide (DL CO ) required for GAP stage calculation. Baseline characteristics for this subgroup, including number of events/outcomes, is shown in Table 1 column titled "Baseline HRCT." Unstandardized HR is for each 10% increase in baseline total lung volume occupied by ground glass reticular. Standardized HR is for each standard deviation increase in ground glass reticular. The categorical variables were not standardized. The GAP stage (24) is a mortality prediction model incorporating age, sex, FVC, and DL CO , with higher GAP stages experiencing the worst outcomes. The outcome of interest is a composite FVC drop .10%, hospitalization, or mortality event.
No. at risk 55  44  27  91  68  54  34  GGR<10% 78  73  60  46  65  60  50  39 Weeks GGR ≥ 10% GGR < 10% GGR ≥ 10% GGR < 10% Weeks VISUAL AMFM Figure 2 . Kaplan-Meier event-free survival analysis stratified by visual and adaptive multiple features method (AMFM) ground glass reticular (GGR) density scores of 10% or greater, or less than 10%. Shown are Kaplan-Meier event-free (events of interest are FVC % predicted decline .10%, hospitalization, or death) survival estimates in subjects stratified by visual and AMFM GGR scores of 10% or greater total lung involvement versus less than 10%. The crosses denote censoring and the steps are events. Subjects having 10% or more total lung occupied by GGR densities at baseline have significantly worse event-free survival than those with less than 10% (log-rank visual, P = 0.002; AMFM, P = 0.0003).
ways: (1) AMFM-measured fibrosis extent, as measured by the GGR score, agrees reasonably well with visual measurement by expert radiologists; (2) greater baseline AMFM-measured fibrosis is independently associated with elevated hazard of disease progression (specifically, a composite of .10% FVC decline, hospitalization, or mortality, as well as FVC decline or death) after adjustment for relevant covariates; and (3) postbaseline change in HRCT features measured by AMFM software correlates with change in pulmonary function. The gold standard, a three-expert average of visually measured fibrosis, was similarly associated with disease progression and postbaseline pulmonary function change. Development of software to aid with interpretation of HRCT images is pursued because of the well-recognized variability in visual interpretation of HRCTs regarding presence and extent of fibrosis and other features (2) (3) (4) . It is also hypothesized that software may be more sensitive to subtle abnormalities or temporal changes compared with humans. Several important hurdles exist in development of such software. First, there is no true "gold standard" measure to calibrate software and ensure that it is measuring what it is trained to measure. Surrogates include correlation of software measurements with expert radiologist measurements, or testing software measures in predicting clinical events or outcomes. We assess both here, with an average of total lung scores assigned by three expert radiologists after independent HRCT review used as the "gold standard." AMFM software was successfully trained, and shows reasonable agreement with the gold standard regarding measurement of fibrosis extent, with moderate correlation and mean absolute between-method difference of 20.03% for GGR. The between-method difference for GGR did have a relatively wide 95% limit of agreement (214 to 19%). It is unclear what an acceptable 95% limit of agreement is for visual versus software fibrosis measurement; this is the rationale for assessing both methods of measurement for their association with clinical outcomes.
Both AMFM and visually measured baseline fibrosis extent are independently associated with increased hazard of disease progression. The gold standard three-expert average visual GGR score may slightly outperform AMFM GGR as an individual predictor, based upon univariable C statistics, but we lacked statistical power to conclude that one method was superior to another, as evidenced by overlapping CIs for the univariable C statistics (see Table 3 ). The GGR variables had higher univariable C statistics than any other individual predictor, including age, GAP stage, FVC, and DL CO . After adjusting for smoking status and baseline GAP stage, both visual and AMFM-measured GGR were independently associated with elevated hazard of disease progression. Model discrimination (as measured by C statistic) of the final models with smoking status, GAP stage, and GGR were similar, regardless of the method of fibrosis measurement (visual model C statistic = 0.722 compared with AMFM model C statistic = 0.722). Addition of either the visual or AMFM GGR variable to multivariable analysis did improve model discrimination compared with models not including GGR variables (see Table E4 [no GGR variables] compared with Table E5 [visual models] and E6 [AMFM models]). Given the variability in visual interpretation of disease extent in practice, use of software may produce results that are more reliably associated with outcomes than an average radiologist.
Maldonado and colleagues (6) found CALIPER (Computer Aided Lung Informatics for Pathology Evaluation and Rating) software-measured reticular densities and total ILD to be associated with increased hazard of death in a retrospective cohort of patients with IPF. With only four deaths in our cohort, we lacked power to show association of GGR with this outcome specifically, and this is an important area of future study. We suspect that the paucity of deaths is due to our use of clinical therapeutic trial data, leading to inclusion of healthier patients, whereas Maldonado and colleagues used a retrospective cohort of patients with IPF seen at a tertiary referral center.
Association of GGR fibrosis with nonmortality disease progression (specifically, .10% FVC decline or death), after adjustment for relevant covariates, has important clinical utility, as well as relevance with regard to clinical trial design. Risk factors for increased mortality in IPF are well defined, but prior analyses have failed to identify factors strongly associated with disease progression (25) (26) (27) . With change in FVC adopted as the primary endpoint in recent clinical trials, AMFM measurement of GGR at baseline may prove a useful, automated tool, particularly for cohort enrichment likely to improve power when change in FVC is the primary endpoint (28) (29) (30) (31) (32) (33) (34) . Prior studies used different methodology in retrospective cohort samples, and found that neither baseline GAP stage nor initial PFT decline were associated with faster subsequent pulmonary function decline (25, 26) . Ley and colleagues (27) found baseline FVC, University of California, San Diego Shortness of Breath Questionnaire score, 6-minute-walk distance, and GAP stage 3 (vs. stage 1) to be unadjusted predictors of future FVC decline greater than 10% or death. Multivariable Cox prediction models, including combinations of baseline variables, were assessed with C statistics found to be less than 0.70, and it was thus concluded that FVC decline could not be reliably predicted using the evaluated baseline variables. Park and colleagues (35) retrospectively applied a texture-based automated HRCT scoring system to patients with IPF and found that those with greater than 10% decline in FVC For definition of abbreviations, see Table 2 .
Of 107 patients with baseline and final scans, scan dates were missing on n = 2, precluding calculation of HRCT score trajectory. Baseline characteristics for this subgroup, including number of events/outcomes, is shown in Table 1 column titled "Sequential HRCT." after 1 year of follow up had significantly more reticular opacities at baseline. We believe that our results are in line with these findings, and together support the idea that more severe baseline disease is associated with greater risk of disease progression. The discriminative capacity of our final models could be considered good, with C statistics of 0.722 and 0.720 for visual and AMFM multivariable models, respectively. Excellent prediction of events, such as disease progression or death, by any particular statistical model is unlikely. Our finding that subjects with 10% or more of total lung having GGR fibrosis at baseline have 20-30% more events compared with those with less than 10% fibrosis is nonetheless useful (see Figure 2) . Furthermore, addition of GGR variables to multivariable Cox models results in incremental improvement of model discrimination over models without radiologic variables. We also found postbaseline change in AMFM and visually measured fibrosis to be weakly and moderately correlated with postbaseline FVC trajectory, respectively. Similar to our findings, Kim and colleagues (36) found that change in a softwaremeasured quantitative lung fibrosis score was correlated with FVC and DL CO change over time in patients with IPF. The weak correlations of postbaseline change in HRCT features with postbaseline FVC trajectory is likely due to the minimal average change for these features. It has been suggested that change in HRCT fibrosis could be a used as an endpoint in clinical trials, representing disease progression, where FVC decline is currently used (37) (38) (39) . We believe that the GGR score is a reasonable candidate marker, but further study is needed to determine what degree of change in GGR over time is clinically significant, and whether interval change in GGR score is associated with future risk of death. Unfortunately, we have no follow-up data beyond 60 weeks, and are therefore unable to answer this question.
Although AMFM seems to measure GGR fibrotic change well, it was not as reliable in measuring GG, honeycombing, or normal lung. The Bland-Altman analysis indicates a systematic tendency for AMFM to measure more GG than is measured by visual interpretation. It is possible that software interprets artifacts, such as respiratory motion, as GG, or that AMFM is more sensitive to early abnormalities. Baseline extent of GG was not associated with outcomes when measured by visual or AMFM method. In addition, although we found moderate correlation between visual and AMFM scores for GGR, and weak correlation for most other features, there was no correlation for emphysema. The reason for this is likely the overall minimal emphysema present, on average, in our population (total lung volume measurements ranging from 0.7 to 0.9%) as a result of PANTHER-IPF inclusion/exclusion criteria; no HRCT was scored with more than approximately 20% of lung involved with emphysema by either method.
Our study has some weaknesses. We excluded HRCTs when scan protocol was not appropriate for AMFM analysis or when poor quality scans were submitted from local centers (see Figure E2 ). We used expert thoracic radiologists' quality ratings to determine which scans were not suitable for inclusion. Before widespread adoption of AMFM HRCT analysis, automated or technician-administered quality-control measures are needed to prevent erroneous generation or interpretation of data obtained from poor-quality scans (40) . Reassuringly, fewer than 10% of total scans were excluded due to poor quality. We also can't exclude differences between included patients and PANTHER-IPF subjects who declined to participate in this study, but our patient characteristics do not differ dramatically from those seen in either PANTHER-IPF study (14, 15) . In addition, although extent of GGR fibrosis at baseline appears to be an important predictor of disease progression in this population of patients enrolled in a clinical therapeutic trial, caution in application of these findings should be taken until results can be externally validated in a separate population.
In conclusion, we show, in a prospective study of patients with IPF enrolled in a clinical therapeutic trial, that AMFM software objectively quantifies the volume of lung occupied by various interstitial abnormalities. AMFM and visual measurement of fibrosis extent had reasonable agreement, and greater volume occupied by AMFM-measured fibrosis was independently associated with increased hazard of disease progression in a manner similar to an averaged visual fibrosis score from three expert radiologists. AMFM-measured fibrosis extent could serve as an objective HRCT biomarker of IPF severity and increased risk of future disease progression. n
